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Abstract 
As a new technology of enclosure heating developed rapidly in recent years, the grounding heating has been applied more and 
more extensively in the world. The movement of fire plume in large spaces using ground heating has some special characteristics, 
which have significant effects on the detection of early fire, evacuation and so on. In this paper, the particular movement of 
smoke in large spaces using grounding heating is theoretically analyzed by the Morton’s integral equation. The smoke movement 
in a large enclosure space with 20×12×20m (high), which is with and without the ground heating separately, is simulated and 
comparatively studied.  
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1. Introduction 
The technology of grounding heating dates back to the nineteen thirties, which is comfortable, efficient and 
saving energy in economy. Therefore the grounding heating has been applied more and more extensively in the 
world. Now it is one of the most practical, safe and advanced technology [1]. At present it is widely used in large 
spaces, such as stadium, convention center , airports and so on.  
The technology of grounding heating mainly uses radiant method, heating from the floor, which reduces the 
invalid energy cost. In the winter and summer, there is a thermally stratified environment for application of it. The 
movement of fire plume in large spaces using ground heating has some special characteristics, which have 
significant effects on the detection of early fire, evacuation and so on, worth discussing. 
At present, the pioneering work of the movement of fire plume in the thermally stratified environments mainly 
includes study of the hot gas under ceiling through Morton’s integral equation. In this case the fire plume may cases 
to rises and will not rise to the ceiling, which is effected by buoyancy. Nowadays theories about the environment 
where exists a hot gas layer on the floor are few. It is the purpose of this paper to interpret some work about it. 
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Nomenclature 
 
Zmax plume maximum height (m)  
B0  thermal buoyant flux (m4/s3) 
N Brunt̢Vaisälä buoyant frequency (Hz) 
g             acceleration of gravity (ms-2) 
ȡ             smoke density (kg/m3) 
ȡa            air density (kg/m3) 
ȡa0           the reference air density (kg/m3) 
Z, z         vertical coordinate, plume height (m) 
Ta          Ambient temperature (K) 
T           Axial temperature (K) 
 
2. Theoretical Analysis 
2.1. The movement of fire plume in the environment existing a hot gas layer under the ceiling 
For fire plumes in thermally stratified environment, having a hot gas layer under the ceiling, in 1995,Heskestad 
first has done experiments [2] about heptanes fire in a temperature-stratified environment in a 3.66×3.66×2.44 m 
high-compartment room. The results shows that the experimental maximum height needed an increment value 
comparing with the calculated values below the Morton theoretical plume reach. In NFPA 92B[3], for consideration 
of stratification, the maximum smoke rise equation, which depends on the convective heat release rate and the 
ambient temperature variation in the space, was derived by Morton et al. in 1956 [4] using an integral model as 
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where B0 is the thermal buoyant flux(m4/s3), N  (Hz) is often described the stratified temperature as below 
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In 2004, Jun Fang et al. [5] modified and extended the previous integral equation. The solution of the maximum 
height equation by them is 3.98, respectively. They defined a length-scale, and also the scales for the momentum 
and volume flux as below: 
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For the case of a stably stratified ambient where the ambient density vary linearly with height, because of the 
initial linearly different distribution of the temperature, N is a constant, which is a linear temperature-stratified 
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ambient. For the ambient temperature increases linearly with height, N is a positive; and for the ambient temperature 
decreases linearly with height, N is a negative. In the uniform ambient, N is equal to zero. 
From the numerical solutions of above equations, we can predict the maximum height of the plume in the 
environment where the ambient temperature rises from the fire source to the ceiling level. In large volume spaces 
with thermally stratified environment, the smoke may cease to rise, not reach the ceiling, and plume fluid moves 
laterally to eventually form a more or less horizontal layer in the middle of the volume as Fig.1 shows. 
 
 
Fig. 1.Typical experiment of a cotton wick smoke mushroom in a temperature-stratified environment 
2.2. The movement of fire plume in the environment existing a hot gas layer on the floor 
For the case of a environment where existing a hot gas layer on the floor, there the ambient density increases 
linearly with height, the numerical solutions of Eq.(1)-(3) are negative. Therefore, the temperature difference 
between the plume and the ambient, which gives the plume buoyancy, may vanish and actually reverse sign during 
some region. The smoke cannot reach the ceiling in the former situation, which produces thermal barrier and spread 
horizontally. 
As shown in Fig. 2, it is assumed that there is an air environment with a certain decrease temperature gradient in 
a large volume space. The initial smoke temperature of the early fire is bigger than the ambient air temperature and 
the smoke rises due to the positive buoyant force. During the rising process, because of the entrainment of 
surrounding air with lower temperature, the smoke temperature decreases while the ambient air temperature 
increases leading to the reduction of the plume buoyancy. And during some region of height, the plume buoyancy 
equals zero or negative. The vertical velocity of the plume will decrease until reaching to neutral buoyancy point .If 
velocity becomes negative before the point, the plume fluid stops at a maximum height and moves to floor. If not, it 
rises to the ceiling.  
 

Fig. 2. Axial and ambient temperature in stratified environments 
For the case of a stably stratified ambient where the ambient density increases linearly with height, because of the 
initial linearly different distribution of the temperature, the smoke may spread quickly in large spaces, where it may 
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not form a gas stratified environment, which may have significant effects on the detection of early fire, evacuation 
and so on. 
3. Numerical simulations 
To obtain more information about the smoke movements in thermally stratified environments, CFD simulations 
were finished by adopting large eddy simulation (LES) technique. Computational fluid dynamics (CFD) is one of 
the excellent choices for understanding the smoke movements because of its cost effectiveness, fast turnover time, 
and detailed information it can provide. The computer code used for the simulation is fire dynamic simulator (FDS) 
developed by Building and Fire Research Laboratory (BFRL) of National Institute of Standards and Technology 
(NIST). FDS solves numerically a form of the Navier Stokes equations appropriate for low speed, thermally driven 
flow with an emphasis on smoke plume and heat transport from fires. The core algorithm is an explicit predictor 
corrector scheme, second-order accurate in space and time. Turbulence is treated by means of the Smagorinsky form 
of large eddy simulation (LES) [6]. 
To obtain more information about the smoke movements in thermally stratified environments, FDS simulations 
were finished. The simulation room was 20m long, 20m wide and 20m high where the ambient temperature is 10 . ć
It simulates the plume fluid movements in the thermally uniform and two kinds of stratified environments. The heat 
release rate is 30 kW, which is on the center of the floor. 
The simulated results shows the behavior of the smoke density with time at Z=20m. Forty-five digital 
thermometers were distributed in three rows and suspended in the enclosure as Fig. 3 shows. The thermometers in 
the middle of the enclosure were used to measure the smoke plume temperatures in the centerline, and the 
thermometers in the two side rows were used to measure the ambient air temperatures. 
 
 
Fig. 3. The simulated room with thermometer traverses in side view. 
For the thermally uniform environment, the ambient temperature is 10 .ć  For the case of a stably stratified 
ambient where the ambient temperature increases linearly with height, the highest temperature of the ambient air at 
the ceiling level in the enclosure is 52 .ć  The initial temperature gradients of the thermally stratified environments 
were set by actual measurement at different heights in summer. And for the case of a stably stratified ambient where 
the ambient temperature decreases linearly with height, the temperature at the ceiling level is 10 ; the temperature ć
at the floor level is about 25 , and the temperature at the height of human body  level is ć about 18-20ć. The 
simulated mean temperatures of the plume centerline and ambient air in uniform and two kinds of stratified 
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environments at the same moment are illustrated as Fig. 4 and 5 shows, respectively, which are agree well with 
analytic results. 
 
 
Fig. 4. Simulated temperatures in the  thermally uniform environment. 
 
 
Fig. 5. Simulated temperatures in the thermally stratified environment: the ambient temperature increases (left) and decreases (right) with height  
From Fig. 4 we can see, in uniform environments, there is no crossing point for the axial smoke temperature 
curve and the ambient temperature curve, the smoke temperature is always bigger than the air temperature until 
approaching it in a short time. So, the buoyant force is always positive and the smoke can reach the ceiling soon. 
While in stratified temperature ambient, the axial smoke temperature curve intersects with the ambient air 
temperature curve, as Fig. 5 shows, the buoyant force may eventually vanish and reverse the sign during some range, 
and the plume may not reach to the ceiling, which is getting accordant with theoretical derivation. Moreover, in the 
thermally uniform environment, it can form a gas stratified environment; in the stratified environment, the smoke 
may cease in the middle of the height or not form a gas stratified environment, as Fig. 6 and 7 shows.  
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Fig. 6. Simulated contour of a smoke mushroom in the  thermally uniform environment 
 
     
Fig. 7. Simulated contour of a smoke mushroom in the thermally stratified environment: the ambient temperature increases (left) and decreases 
(right) with height  
Fig. 8 shows the behavior of the smoke density with time in the thermally uniform and stratified environments. 
 

232  LI Pu et al. / Procedia Engineering 11 (2011) 226–232
Fig. 8.The behavior of the smoke density with time 
4. Conclusions
• First point, from analysis, we can see that, for the case of the environment existing a hot gas layer under the 
ceiling, using ground heating, the smoke will spread quickly in the space, and it will not form a gas stratified 
environment. 
• Second point, from simulation, we can see that the smoke will spread more quickly in this environment, and the 
smoke density will rise slowly at the ceiling level, which is agree well with the analysis. 
• Third point, in the large spaces buildings using ground heating, because the special movements of  the fire plume, 
early fire detection ,evacuation and etc. can be effected, which may need Performance-based Fire Protection 
Design. 
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